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Abstract: The sustainability of large economies is one of the most important challenges in today’s
world. As the world strives to create a greener and more efficient future, it becomes necessary to
accurately analyze and forecast freight volumes. By developing a reliable freight transportation
forecasting model, the authors will be able to gain valuable insights into the trends and patterns
that determine the development of economic systems. This will enable informed decisions on
resource allocation, infrastructure development, and environmental impact mitigation. Such a model
takes into account various factors such as market demand, logistical capabilities, fuel consumption,
and emissions. Understanding these dynamics allows us to optimize supply chains, reduce waste,
minimize our carbon footprint, and, ultimately, create more sustainable economic systems. The ability
to accurately forecast freight volumes not only benefits businesses by enabling better planning and
cost optimization but also contributes to the overall sustainable development goals of society. It can
identify opportunities to shift to more sustainable modes of transportation, such as rail or water, and
reduce dependence on carbon-intensive modes, such as road or air. In conclusion, the development
and implementation of a robust freight forecasting model is critical to the sustainability of large-scale
economic systems. Thus, by utilizing data and making informed decisions based on these forecasts, it
is possible to work toward a more sustainable future for future generations.

Keywords: inbound transportation logistics; forecasting system; intermodal transport; equilibrium
economic behavior; transport network; transport technology; sustainable development; smart
transport system

1. Introduction

Container transportation is the main component of intermodal transportation in
international trade [1]. Intermodal transportation is carried out with the involvement of
two or more modes of transport [2]. Their specificity also lies in the fact that the cargo
on the whole route is in the same transport unit, such as a container, and transportation
is carried out under a single transport document and the control of a single operator.
Under such conditions, the shipper does not have to conclude separate contracts with
transport companies and personally control all links of transportation, for example, complex
processes of container reloading, coordination of schedules, etc. This convenience is an
important factor that provides this type of transportation with a constant influx of new
customers, especially considering that operators also control customs operations when
crossing interstate borders.
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In modern conditions, very often consignors or consignees have a need to reduce the
time of cargo delivery, not necessarily with minimal costs—it is associated with accelerating
the realization of goods and increasing their profits [3]. Therefore, there is a need to choose
the route of intermodal transportation not only by the criterion of delivery cost but also by
time [4].

Unfortunately, today there is no single technology that would perform intermodal
transportation planning in an automated mode, taking into account all the requirements
and criteria of the shipper, so the topic of research is relevant.

International container transportation is an important component of modern inter-
national trade. In this regard, it ensures the safety and efficiency of cargo transportation
around the world, saving time and reducing costs.

However, despite all the advantages, choosing the optimal route and planning in-
termodal transportation can be a complex and time-consuming task for shippers and
consignees [5]. The need to accommodate delivery time and cost requirements, as well
as coordinate the schedule and ensure control of the entire process, poses numerous chal-
lenges [6].

Currently, research and development in the field of automation and optimization of
intermodal transportation is actively carried out. This includes the development of special
software systems and algorithms that can take into account all requirements and constraints
to offer the optimal solution for each specific task.

It is also worth noting that the use of modern information technologies, such as
smart cargo monitoring systems, the development of specialized platforms for combining
different modes of transport, and the automation of transport operations, can significantly
simplify and speed up the process of planning and execution of intermodal transport [7].

In general, automation and optimization of intermodal transportation are important
areas of development in logistics and international trade. This will improve transportation
efficiency, shorten delivery times, and reduce costs for companies engaged in international
cargo transportation.

Undoubtedly, the growth of container turnover of seaports is a positive signal for
the development of intermodal transportation. The increasing volume of cargo moving
by sea confirms the growing need for efficient and optimized logistics solutions. One of
the key advantages of intermodal transportation is the ability to use different modes of
transportation—sea, rail, road, and air—to deliver cargo from sender to receiver. This
allows choosing the most optimal route and reducing delivery time, especially in the
case of long-distance and intercontinental transportation [8]. In addition, automation
and optimization of intermodal transportation processes can reduce costs for companies
engaged in international trade. Automated cargo tracking and management systems
allow for more accurate planning and coordination of shipments, minimizing the risks
of cargo loss or damage [9,10]. In addition, route optimization and the use of modern
technologies can reduce fuel costs and improve overall transportation efficiency. Thus, the
development of intermodal transportation and its automation play an important role in
logistics and international trade. They contribute to increased efficiency, shorter delivery
times, and lower costs for companies, which ultimately lead to improved service quality
and customer satisfaction.

This study is organized as follows. Section 1 is the introduction. Section 2 presents the
literature review. The empirical analysis and research methods are presented in Section 3.
Section 4 discusses the results of this study. The results of this study are presented in
Section 5.

2. Literature Review

Freight transportation structure models are mainly based on mode choice process such
as mode comparison, decision criteria, and freight demand types.

Xiuyu Shen et al. [11] determine an accurate understanding of the spatio-temporal in-
formation of future truck traffic speed in the megalopolis. The study focuses on developing
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a decentralized spatio-temporal truck traffic speed prediction model using federated learn-
ing. The authors propose a specialized spatio-temporal transformation network for local
training based on the identity of each participant, in contrast to the existing graph-based
convolutional network. They also develop a decentralized federated learning model to com-
bine local personalization models for predicting truck speeds, with theoretically illustrated
convergence properties. The experiment based on real data from freight traffic in cities
within the Nanjing metropolitan area demonstrates that the proposed approach accurately
predicts freight traffic speed and outperforms existing methods. The visualization results
show that the approach effectively captures internal spatio-temporal dependencies between
urban areas from different neighboring cities, enabling the joint development of freight
management strategies. In conclusion, the study offers a novel approach to predicting truck
traffic speed and has practical implications for freight management strategies. It also sets
the stage for future research in this area.

Elias Khajeh et al. [12] described three innovative methods for forecasting container
freight rates. Overall, the study provides a comprehensive analysis of container freight
rate forecasting and offers practical implications for policymakers and practitioners in the
supply chain industry. The innovative methods used in the study, including the extraction
and classification of disruptive events, as well as the application of the Prophet forecast,
demonstrate the potential for improving the accuracy of freight rate forecasting. The study
also highlights the importance of considering external factors, such as overcapacity, and the
impact of events, like the coronavirus, on freight rates. This research sets the stage for future
studies to further refine and improve container freight rate forecasting methodologies.

Díaz-Ramírez, J. et al. [13] presented a new approach to forecasting freight rates in
container transportation using “soft facts” in the form of indicators derived from surveys
of practitioners who were asked about their sentiments, beliefs, or perceptions of present
and future market developments. An integrated moving average with an autoregressive
(ARIMA) model was used as the base model, and the results obtained were compared
with multivariate models that allow the integration of exogenous variables, i.e., ARIMAX
and Vector Autoregressive (VAR). Having studied only the Far East–Northern Europe
trade route, the authors consider that the proposed practical application can improve
forecasting performance for other trade routes and shipping markets and is likely to detect
market and environmental-nomic changes much earlier than the actual evidence available
at the time. The study also highlights the impact of the COVID-19 pandemic on freight
transportation, particularly the shift in demand for trucking and the subsequent increase
in energy consumption and pollution [14]. The proposed evolutionary model based on
Markov theory aims to optimize the freight transportation structure post-COVID-19, taking
into account the growth of the freight industry and the need for a reasonable freight
volume increase each year. The application of economic cybernetics in developing this
model provides a systematic approach to solving the problem of achieving a balanced
freight structure. The results of the study suggest that China’s freight transportation
structure is in an adjustment period and is projected to enter a stable period by 2035.
The findings also emphasize the importance of increasing the growth rate of rail and
water freight transport to optimize the freight transport structure. The proposed freight
trajectory optimization method offers a proactive approach to rationalizing the freight
transport structure, especially in the face of disruptive events, such as the COVID-19
pandemic. Overall, this research provides valuable insights into the optimization of freight
transportation structures post-COVID-19 and offers a systematic model for decision makers
in the shipping industry to consider when planning for future changes in freight demand
and supply.

The characteristics of the supply chain (SCC) play a crucial role in urban logistics,
which drives the economic activity and transformation in a city. However, the dynamics
of freight trip activity and SCC in urban logistics are not well understood by urban plan-
ners, leading to difficulties in predicting urban freight trip generation (FTG) models. To
address this, a study proposes a concept for estimating freight trip activity by incorporating
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both observed and unobserved (subjective) SCC information for sustainable urban trans-
portation [15]. Conventionally, FTG models only consider objective variables and exclude
unobserved FTG information.

This study suggests that incorporating both observed and unobserved variables related
to the characteristics of the supply chain (SCC) in urban logistics can improve the accuracy
of freight trip generation (FTG) models. Currently, urban planners face challenges in
predicting FTG due to the lack of understanding of the dynamics of freight trip activity
and SCC.

Conventionally, FTG models only take into account objective variables such as pop-
ulation, employment, and land use. However, this approach overlooks the subjective
information related to the SCC, which is crucial in understanding and predicting
FTG accurately.

By including both observed and unobserved SCC information, planners can gain a
more comprehensive understanding of urban logistics and make informed decisions for
sustainable urban transportation. This concept will allow for a deeper analysis of the factors
influencing freight trip activity and enable better predictions of FTG models.

Overall, the characteristics of the supply chain in urban logistics are essential for
driving economic activity and transforming a city. By incorporating both observed and
unobserved SCC information, urban planners can develop more accurate FTG models and
make better decisions for sustainable urban transportation.

Bock, Cottrell, and Hotchkiss [15] say: «To overcome this limitation, subjective vari-
ables are included to provide measures of both observed and unobserved FTG information.
The study developed a unique framework using exploratory factor analysis (EFA) and
structural equation modeling (SEM) to estimate freight trip activity. The framework was
validated using the Enterprise-Based Freight Survey (EBFS) data collected in an Indian
smart city, which included various SCCs. EFA was applied to identify subjective variables
employing latent structures to explain observed and unobserved information in the SCCs.
SEM was then conducted with a hypothetical path structure to estimate freight trip activity.
The FTG model revealed the direct, indirect, and total effects of the SSC on freight trip ac-
tivity, highlighting the additional benefits of the causal relationship between urban freight
trip activity and the SCC. The developed FTG models, incorporating both observed and
unobserved SCC information, were able to predict freight trip activity with 57% accuracy
for the intermediate and 63% accuracy for the net receiver» [15]. Understanding the impact
of FTGs on freight travel activity is essential for developing a sustainable urban freight
transportation system that can meet the demands of the global market. This system should
be flexible, responsive, and adaptive to ensure efficient and effective urban logistics.

Lisa Bjork et al. [16] have shown that for some decades the modal shift in the freight
sector has been supported by policymakers as an important basis for accomplishing trans-
portation emission reduction targets. The findings suggest that while modal shift policies
have been effective in increasing the share of rail and maritime transport in Sweden, the
actual contribution of this shift to reducing emissions is limited. This is due to several
factors, including the already high level of decarbonization in road freight transport and
the relatively low emissions intensity of Swedish road freight compared to other countries.
The study also highlights the challenges associated with modal shifts, such as infrastructure
constraints and increased costs for certain industries. It argues that focusing solely on
modal shift as a mitigation strategy may not be the most efficient approach and that a
more holistic approach including other measures, such as vehicle electrification and fuel
efficiency improvements, should be considered. The results of this study emphasize the
need for a careful evaluation of the potential benefits and limitations of modal shift policies
in different contexts. While a modal shift can play a role in reducing emissions in certain
cases, it is important to consider other factors, such as decarbonization potential and cost
effectiveness. Further research is needed to better understand the optimal combination of
strategies for achieving sustainable and low-emission freight transport.
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3. Materials and Methods
3.1. Empirical Analysis

According to «Alphaliner», in the 1st half of 2022, container traffic at 250 of the world’s
seaports grew by about 6.7% year-on-year. At the same time, in the 2nd quarter of 2023, the
volume acceleration accelerated to 7.4% compared to the 1st quarter, 5.9%, and by the end
of the year, the volume of container traffic may grow by more than 6%, reaching a six-year
high [17].

These numbers indicate a strong recovery and growth in the global container shipping
industry. The increase in container turnover and transportation volumes suggests a rebound
in global trade and economic activity. The growth rates in the second quarter of 2023 are
particularly noteworthy, as they indicate an acceleration in the recovery.

Alphaliner’s findings correlate very closely with the forecasts of analysts of Drewry,
who estimated that the growth rate for the 1st half of the year was 6.6% and also forecasted
record growth for 2023 as a whole [18].

According to “Container Trade Statistics”, the volume of container transportation on
the routes from Asian ports to Europe for 7 months of 2022 increased by 5.3% to 9.4 million
TEU [19]. In the reverse direction to Asia, the volumes increased by 3.7% to 1.6 million TEU.
On the other hand, on the trans-Pacific services in the direction of the USA, the volume
growth amounted to 7.3%, and in the reverse direction, the traffic increased by 8% to
2.7 million TEU [19,20].

The data also highlight the importance of Asian ports in global container transporta-
tion. The increase in container volumes on routes from Asian ports to Europe and the US
demonstrates the region’s role as a major manufacturing and exporting hub. Additionally,
the growth in trans-Pacific services indicates the strength of trade between Asia and the US.

In August 2022, the Container Port Capacity Index, estimated by Drewry based on
data from 220 ports around the world that generate approximately 75% of the world’s
container traffic, reached 126.8 points, the highest value of the index since its calculation
began in January 2022; compared to July, the index increased by 0.6 points, or 0.5%, and by
6.8 points, or 5.7%, on an annualized basis [21].

The Container Port Throughput Indices provide further evidence of the recovery in the
shipping industry. The fact that the index reached its maximum value since the beginning
of the year suggests a strong performance by container ports globally. The annual increase
in the index further confirms the positive trend in container throughput.

Overall, these findings from Alphaliner, Drewry, and Container Trade Statistics point
to a robust recovery and growth in the global container shipping industry. The data suggest
that container traffic is returning to pre-pandemic levels, indicating a positive outlook for
global trade and economic activity.

At the same time, African countries showed the greatest growth (+14.3%), but North
America was more significant (+7.0%). China and Europe showed the same growth of
5.1% [21,22].

According to the results in 2022 [23], «the cargo turnover of seaports in the Far East
basin increased by 4.5% compared to 2021 and amounted to 200.5 million tons. According
to the results of 2022 in the Far East basin cargo handling increased by 4.5% to 200.5 million
tons, and compared to 2004 by 2.9 times» [23]. Almost half of the cargo turnover is coal.
There are other cargo categories with high growth potential, including exports to Asia–
Pacific countries (APR)—the nomenclature of available niches for investment is significantly
higher; for example, grain, containers, and petrochemicals.

The volume of dry cargo transshipment accounted for 125.5 million tons (+6.8%),
while the volume of liquid cargo transportation amounted to 75 million tons (+1%) [24,25].

The increase in the volume of dry cargo transshipment was influenced by the growth
of bulk cargo transshipments by 5.9%, general cargo by 9.2%, and containerized cargo by
12.4% [26]. The increase in the volume of liquid cargo transshipment was due to a 3.7%
increase in the volume of oil product transshipments and a 0.6% increase in the volume
of crude oil transshipments, while the volume of liquefied gas transshipments decreased
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by 1% [27]. The share of export cargo in the cargo turnover of the Far East basin remains
significant at 86.2%, while the shares of import, transit, and cabotage are 3.6%, 0.5%, and
9.7%, respectively [28].

«According to the results of 2022, the cargo handling of the Arctic basin seaports
increased 1.3 times compared to 2021 and amounted to 92.7 million tons: the volume
of liquid cargo handling amounted to 62.3 million tons (+41%), dry cargo handling—
30.4 million tons (+4.3%)» [29].

The volume of dry cargo transshipments increased mainly due to a 4.4% increase in
the volume of bulk cargo transshipments (coal (+12.2%), mineral fertilizers (+6.7%). At
the same time, general cargo transshipment volumes decreased by 14.6%, while liquid
cargo transshipments increased 1.4 times, mainly due to a 23.9% increase in crude oil
transshipments and the continued growth of liquefied gas shipments through the port of
Sabetta. The share of export cargo transshipments in the Arctic basin is 60%, import cargo
is 0.5%, and short sea cargo is 39.5%. Transit cargo transshipments in the seaports of the
Arctic basin were not carried out [30].

Container turnover of the world’s ports for the first quarter of 2022 increased by 5.8%
compared to the same period last year. In the first three months, the container turnover of
Chinese ports increased by 7.3%. Traffic through the 18 largest ports of the USA and Canada,
which account for more than 85% of the total turnover of the two countries, increased by
7.4% [31].

The reorientation of cargo traffic from Asia to the ports of the east coast of North
America continues. In the period from January to April, the share of west coast ports in the
total container turnover of the ports of the two countries decreased from 65.32% to 66.8% a
year earlier, the share of the east coast increased last year from 30.44% to 31.1%, and the
Gulf Coast increased from 2.43% to 3.28% [30,31].

Figure 1 is a diagram showing container turnover between ports in the Far East and
other regions.
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Figure 1. Container turnover between ports of the Far East and other regions, billion tons.

Chinese ports in 2022 increased cargo turnover by 8.8% to 13.95 billion tons compared
to 2021. This is evidenced by the data of the Ministry of Transport of the People’s Republic
of China.

According to the Ministry, transshipments of foreign trade cargoes increased by 4.8%
to 4.32 billion tons. Container turnover increased by 4.4% to 261.1 million TEU.

The growth in transshipment volumes was recorded against the background of a 6.3%
increase in inland waterway traffic to 7.47 billion tons [31].

China’s largest ports are:

- Shanghai;
- Ningbo-Zhoushan;
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- Shenzhen;
- Hong Kong;
- Guangzhou;
- Qingdao;
- Tianjin;
- Dalian;
- Qinhuangdao;
- Xiamen.

The world’s ten largest container ports handled 244 million TEU in 2022; up 4.3% from
2021. Seven of the world’s ten largest container ports are located in China.

Shanghai has topped the ranking since 2010, but second-place Singapore managed to
narrow the gap to 5.4 million TEU in 2018. Guangzhou was the second-fastest-growing
port and moved up two places to 5th place, while Hong Kong, which was the world’s
largest container port until 2004, dropped two places to 7th place. Hong Kong’s turnover
decreased by 5.7% in 2018 to 19.6 million TEU [25,31].

Shanghai retained its leadership as the busiest container port in the world—by the
end of 2022, its container turnover amounted to 43.3 million TEU. Compared to the final
figures of 2022, the container turnover increased by 3.1%. Shanghai’s closest competitor is
Singapore, which handled 37.2 million TEU in the first 12 months of 2022 (+1.6% compared
to 2021) [31].

In December of the reporting year, Shanghai’s container turnover decreased by the
same 8.5% both relative to the previous month and to December 2021, to 3.25 million TEU.

Singapore’s berths handled 3.2 million TEU in December (−2.1% vs. November 2021
and +2.2% vs. December 2021).

Among European ports, which focus mainly on handling import and export container
flows, Rotterdam and Antwerp showed the highest growth.

Transshipment volumes through Northern European ports grew by 6.6%. The highest
growth rates were recorded in the largest container port in Europe, Rotterdam (+8%),
and traffic through the ports of Hamburg and Bremerhaven decreased by 0.7% and
1%, respectively.

The second largest container port in Europe, Antwerp, increased container turnover
by 6.4% in the first nine months of 2022, while total transshipment volumes increased by
1.1% [31].

Figure 2 is a chart showing the container turnover of the world’s five largest ports.
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Figure 2. Container turnover of the world’s largest ports, billion tons.

Figure 3 is a diagram presenting the container turnover in the seaports of the Black
Sea countries.
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Figure 3. Container traffic in the seaports of the Black Sea countries, mln tons.

As we can see in the above diagrams, container turnover has a stable character. Despite
the decline in container turnover in 2009, in 2010, the container turnover reached the level
of 2008; also, a decline was noticed in 2015, and in 2016, the container turnover reached the
level of 2014.

Thus, the container turnover of all Black Sea countries tends to grow.
In the countries of Western Europe, USA, and Japan, container transportation is very

common. The most successful country for the transportation of cargo in containers by
rail in Western Europe was Germany. In this country, the transportation of trailers on
railroad platforms developed to a greater extent. In the USA, these transportation services
were called “Piggyback”, in Germany, they were called “HUCKEPACK”, and in France,
they were called “KANGAROO”. Such transportation became the foundation of close
integration between sea, rail, and road transport [32].

The key to successful operation is the automation of container transportation, which
ensures a high level of productivity and safety. So, the Dutch Rotterdam container terminal
is developed on the principle of cargo handling “container ship-shore” with the use of
cranes for unloading containers and AGV (Automated Guided Vehicle) container trucks,
which literally means “automatically guided vehicle” [33]. Gottwald Port Technology, a
division of Demag Cranes and a leading company in the automation of container handling,
developed the automated guided vehicle (AGV) shown in Figure 4.

The Maasvlakte II container terminal is the first port in the world to be equipped with
such vehicles. Thanks to these vehicles, the port’s productivity has increased.

In the first phase, 36 lift AGV container trucks and 128 special racks have been
delivered to the container terminal.

So, the total number of AGVs in the container terminal can be insignificant if the
frequency of handling each container is reduced.

In the Russian Federation, there is an automated control system of container trans-
portation DISCON, which gives the following information data: the number of containers
reloaded at each station or port for any specified period of time, the total number of transit
containers on the roads of Russia, the terms of their progress on the roads, the number of
containers detained in transportation, the time of their stay in the process of transportation,
and the forecast of transit containers to reloading points [33].

No container should go out of the system’s field of vision when it is on the railroads.
Such approaches are accepted now in the world and implemented on many leading rail-
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roads in Europe and America. Thus, with the creation of a new automated control system,
container transportation is on par with the advanced railroads of the world.
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3.2. Research Questions and Methods

Prediction of unstable and fuzzy processes is very unreliable and inefficient. Therefore,
the identification of process stability is the main stage of analysis. For this purpose, in this
paper, we will apply fractal analysis.

The application of the provisions of mass service systems to the tasks of determining
the characteristics of various transportation technologies has quite severe limitations and
difficulties. Thus, the process of data collection regarding the time of vehicle stay in different
states is characterized by high labor intensity and cost, which makes it difficult to obtain the
necessary volume of observation results. In addition, the decline in transportation volumes
and wear and tear of the fleet of cars and locomotives causes the need for a significant
increase in the duration of tests to obtain results with the necessary level of reliability.

It is especially difficult to organize tests when determining vehicle efficiency parame-
ters when 1–2 vehicles are in trial operation. The classical approach based on the theory
of large numbers already at confidence probability q = 0.95 establishes the duration of
tests to be 36–48 months. The insufficiency of experimental samples creates fundamental
difficulties in the statistical processing of such results and the interpretation of calculated
indicators. Additionally, classical statistical methods are calculated and can be clearly
interpreted only under the assumption that the results of observations follow a known law
of distribution, and the insufficiency of primary material makes it difficult or impossible
to give an unambiguous answer to the question of what law the data obtained in the ex-
periment follow. Classical computational methods allow the loss of part of the statistically
significant information contained in the experiment, and, along with this, introduce new
information into the values of the statistics obtained, which is not present in the experiment
and perhaps alien to it. Therefore, there is a need to apply methods different from the
classical ones. One such method is the bootstrap method, which allows us to construct a
confidence interval for the sample mean.

In the conditions of incomplete information and the complexity of obtaining reliable
data in the work, we proposed to carry out calculations using “Bootstrap”, a method in
the “Statistica” system in a Windows environment, which allowed us to model the types of
distribution laws of the system states.

The determination of necessary parameters of statistical distributions of arrival times
was carried out in a QBAS environment by a specially developed program.

In various transportation systems, one of the most important tasks is to ensure the
necessary quality of transportation service. One of the effective methods of transportation
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quality management is the distribution of channel capacity using priorities for differ-
ent flows.

Thus, the considered flow of request is Poisson, but such an assumption should
have certain limitations in use, especially when priorities are provided in the system and
non-uniformity of cargo arrivals is preserved.

Given the inertia of rail transportation and the multivariate nature of freight delivery
in intermodal transportation, this may cause congestion in the transportation network.

When considering a mass service system with priorities, one assumes that the input
flow is Poisson, which is not suitable for a fractal flow. Consequently, when developing a
model of a prioritized mass service system, it is necessary to take into account the fractality
of the input flow of requests.

For mass service systems whose input is a Poisson demand stream (M/G/1), the
waiting time for a priority stream p

(
Tcrp

)
can be defined by the following expression:

Tcrp =
Tzam(

1 − σp−1
)(

1 − σp
) (1)

where:
Tzam—the average delay of a claim due to the presence of another claim in service;
σp = ∑

p
i=p pi—load factor of the i-th priority class of requirements.

The value of this delay is determined by the following formula:

Tzam = ∑p
i=p Tzami = ∑p

i=p pi
σ2

bi

2 ∗ Tolci

= ∑p
i=p

λiσ
2
bi

2
(2)

where:
Tzami —average demand delay associated with the presence of messages of the i-th

priority;
Tolci

—average service time;

λi—intensity of incoming claims of the i-th priority class λi =
Tolci

pi
;

pi—load factor of the i-th priority class of requirements;
σ2

bi
—the second moment of service time (variance) of the i-th priority class of requirements.

The analysis of this expression shows that the average delay of requirements due to
the presence of another requirement on service depends on the intensity of arrivals (λi)
and from the variance of service time (σ2

bi
). Expression (2) is derived assuming that the

input demand flow is Poisson and the service flow is arbitrary. To remove the constraints,
consider a mass service system (G/G/1).

The waiting time for service Toτi can be represented in the following form:

Toτi =
Tzam

1 − p
(3)

On the other hand, the upper limit of waiting time Toτi for the system (G/G/1) can be
represented as the following expression:

Toτi ≤
σ2

ai
+ σ2

bi

2Tposti
(1 − pi)

= Tmax1
i (4)

where:
σ2

ai
, σ2

bi
—dispersion of the input stream and the service stream, respectively;

Tposti
—average value of the time interval between incoming requests of the i-th priority;

pi—load factor for the system (G/G/1), pi =
Tobs

Tposti
.
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The upper bound estimate (4) turns out to be more accurate the larger the value of
the utilization factor is pi. In Relation (3), we can also see that the average waiting time is
determined by fluctuations in the processes of incoming demands and services.

It is possible to use a stricter formula for the upper limit:

Toτi ≤
1 + C2

bi(
1
pi

)2
+ C2

bi

[
σ2

ai
+ σ2

bi

2Tposti
(1 − pi)

]
= Tmax2

i (5)

where:
Cb—the coefficient of variation of service time, Cb =

σbi
Tolci

.

The obtained upper bound is essentially independent of the distribution law of incom-
ing and outgoing flows. It is determined only by the first two moments of the distributions
of intervals between demands and service time.

The following expression can be used to find the lower delay limit:

Toτi ≥
p2

i C2
bi
+ pi(pi − 2)

2λi(1 − pi)
= Tmin

i (6)

Then, by substituting the waiting time value (Expressions (4) through (6)) into Expres-
sion (2), the following average delay expressions can be obtained.

Tmax1
zami =

σ2
ai
+ σ2

bi

2Tposti

, (7)

Tmax1
zami =

1 + C2
bi(

1
pi

)2
+ C2

bi

[
σ2

ai
+ σ2

bi

2Tposti

]
, (8)

Tmin
zami

=
p2

i C2
bi
+ pi(pi − 2)

2λi
. (9)

To analyze the delay time in a (G/G/1) prioritized system, it is necessary to investigate
the different distribution laws that are used to describe fractal traffic.

Pareto, Weibull, lognormal, and hyperexponential distributions are used to model frac-
tal traffic. Table 1 summarizes the main characteristics of the above-proposed distributions.

Table 1. Basic characteristics of the distributions

Name of Distributions Distribution Function Mathematical Expectation Dispersion

Pareto F(x) = 1 −
( xm

x
)k

µ = a×b
a−1 , at a < 1

mathematical expectation
does not exist

σ2 = a×b2

(a−1)(a−2)
a < 2 variance does not exist

Weibull F(x) = 1 − e−( x
b )

a
µ = b

a G 1
a σ2 = b2

a

{
2G 2

a − 1
a

[
G 1

a

]2
}

Lognormal F(x) = 1
2 + 1

2 Er f
[

ln(x)−µ

σ
√

2

]
µ = eµ+ σ2

2 σ2 = eσ2+2µ
(

eσ2 − 1
)

Gamma distribution F(x) =
(

γ(k,x)/θ
G(k)

)
µ = ab σ2 = ab2

Sources: authors’ calculations.

Quite often, a Pareto distribution is used to model fractal traffic. The advantage of
this distribution is the ability to determine the fractality of traffic by the parameters of the
distribution. The disadvantage of this distribution is that it has infinite variance, which
means high variability of incoming traffic.
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Consequently, it is impossible to use this distribution in this case. The Weibull distri-
bution is most often used in modeling fractal traffic. The probability distribution law for
the Weibull distribution is as follows:

F(x) = 1 − e−( x
b )

a
, (10)

where:
ab—the scale parameter and shape parameter, respectively.
For the mathematical expectation and mean square deviation of a quantity, the formu-

las are valid, and are tabulated as follows:

tcp = aKb, (σ)t = aCb, Kb = G
(

1 +
1
b

)
, C2

b =

(
1 +

2
b

)
− K2

b . (11)

Hence, for the coefficient of variation, we have:

ν(t) =
(σ)t
tcp

=
Cb
Kb

(12)

Thus, it is shown that traffic models with long-term dependence lead to an asymptotic
probability distribution of tails of the Weibull type, i.e.:

P(x > B) ∼ e−(γB)2−2H
at B → ∞ (13)

where:
γ—the constant;
P(x > B)—the probability that parameter x (e.g., queue length) is greater than parameter B;
H—the Hurst parameter (self-similarity parameter).
The parameter H represents a sustainability measure of a structural phenomenon or

a measure of the duration of long-term dependence. The value of H = 0.5 indicates the
absence of long-term dependence. The closer the value of H is to 1, the higher the degree of
sustainability of long-term dependence.

The Hurst parameter for most applications is in the interval 0.5 < H < 1. In Expressions
(10) and (13), we can determine that the parameter α of the Weibull distribution can be
represented by the Hurst parameter as follows: a = 2 − 2H.

4. Results and Discussion

So, in the study of a mass service system (G/G/1) with priorities and fractal input
traffic, the parameter α of the Weibull distribution will be in the interval 0 < a < 1. Other
distribution laws coincide with the Weibull distribution in a certain range.

Accordingly, for mass service systems whose input is a Poisson flow of demands
(M/G/1), the waiting time for a flow with a priority of Toτp is calculated by the follow-
ing formula:

Toτp =
Tzam(

1 − σp−1
)(

1 − σp
) =

∑
p−1
i=1 piσ

2
bi

2Tolci (1 − pi)(1 − ∑ pi)
(14)

The definition of the ratio Toτ
Tolc

at different pi is given as follows:

Toτ1

Tolc1

=
pi

[
0.8
4 + 0.25

3.15 + 1.15
3.85 + 0.61

3.25

]
2(1 − pi)[1 − (0.13 + 0.16 + 0.21 + 0.1 + 0.129)]3.6

=
0.392pi
1 − pi

At P2 = 2:

Toτ2

Tolc2

=
pi

[
1.44
3.6 + 0.25

3.15 + 1.15
3.85 + 0.61

3.25

]
2(1 − pi)[1 − (0.13 + 0.16 + 0.21 + 0.1 + 0.129)]4

=
0.446pi
1 − pi
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At P3 = 3:

Toτ3

Tolc3

=
pi

[
1.44
3.6 + 0.8

4 + 1.15
3.85 + 0.61

3.25

]
2(1 − pi)[1 − (0.13 + 0.16 + 0.21 + 0.1 + 0.129)]3.15

=
0.637pi
1 − pi

At P4 = 4:

Toτ4

Tolc4

=
pi

[
1.44
3.6 + 0.8

4 + 0.25
3.15 + 0.61

3.25

]
2(1 − pi)[1 − (0.13 + 0.16 + 0.21 + 0.1 + 0.129)]3.85

=
0.415pi
1 − pi

At P5 = 5:

Toτ5

Tolc5

=
pi

[
1.44
3.6 + 0.8

4 + 0.25
3.15 + 1.15

3.85

]
2(1 − pi)[1 − (0.13 + 0.16 + 0.21 + 0.1 + 0.129)]3.25

=
0.469pi
1 − pi

To remove the constraints, consider a mass service system (G/G/1), i.e., with input
flow fractality.

The waiting time Toτi can be represented as follows:

Toτi =
σ2

ai
+ σ2

bi

2Tposti
(1 − pi)

(15)

After, the algebraic transformations are performed:
At P1 = 1:

Toτ1

Tolc1

=
156.25 + 1.44

2 ∗ 27.5(1 − pi) ∗ 3.6
=

0.796
1 − pi

At P2 = 2:
Toτ2

Tolc2

=
67.25 + 0.8

2 ∗ 24.5(1 − pi) ∗ 4
=

0.347
1 − pi

At P3 = 3:
Toτ3

Tolc3

=
12.29 + 0.25

2 ∗ 15.1(1 − pi) ∗ 3.15
=

0.133
1 − pi

At P4 = 4:
Toτ4

Tolc4

=
90.25 + 1.15

2 ∗ 38.5(1 − pi) ∗ 3.85
=

0.308
1 − pi

At P5 = 5:
Toτ5

Tolc5

=
137.25 + 0.61

2 ∗ 25.5(1 − pi) ∗ 3.25
=

0.832
1 − pi

A Weibull distribution was used to model the fractal flow. The coefficients for the
Weibull distribution are found at a = 1, Kb = 1.00, Cb = 1.00; at a = 0.5, Kb = 2.00,
Cb = 4.47.

According to these parameters of the Weibull distribution, the following were deter-

mined, σai and σbi
, which were used to determine

Toτi
Tolci

. In Expressions (1) and (2), we can

determine that the parameter α of the Weibull distribution can be expressed through the
Hurst parameter as follows: a = 2 − 2H.

Therefore, for H = 0.5, a = 1, and at different pi = 1, significance
Toτi
Tolci

is thus defined

as follows:
At P1 = 1:

Toτ1

Tolc1

=
(26.2 ∗ 1)2 + 1.44

2 ∗ 27.5(1 − pi) ∗ 3.6 ∗ 1
=

3.474
1 − pi
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At P2 = 1:
Toτ2

Tolc2

=
(26.2 ∗ 1)2 + 0.8

2 ∗ 24.5(1 − pi) ∗ 4 ∗ 1
=

3.506
1 − pi

At P3 = 1:
Toτ3

Tolc3

=
(26.2 ∗ 1)2 + 0.25

2 ∗ 15.1(1 − pi) ∗ 3.15 ∗ 1
=

7.218
1 − pi

At P4 = 1:
Toτ4

Tolc4

=
(26.2 ∗ 1)2 + 0.61

2 ∗ 25.5(1 − pi) ∗ 3.25 ∗ 1
=

4.145
1 − pi

At H = 0.75, a = 0.5.
At P1 = 1:

Toτ1

Tolc1

=
(26.2 ∗ 4.47)2 + 1.44

2 ∗ 27.5(1 − pi) ∗ 3.6 ∗ 2
=

34.639
1 − pi

At P2 = 1:
Toτ2

Tolc2

=
(26.2 ∗ 4.47)2 + 0.8

2 ∗ 24.5(1 − pi) ∗ 4 ∗ 2
=

34.990
1 − pi

At P3 = 1:
Toτ3

Tolc3

=
(26.2 ∗ 4.47)2 + 0.25

2 ∗ 15.1(1 − pi) ∗ 3.15 ∗ 2
=

72.090
1 − pi

At P4 = 1:
Toτ4

Tolc4

=
(26.2 ∗ 4.47)2 + 1.15

2 ∗ 38.5(1 − pi) ∗ 3.85 ∗ 2
=

23.140
1 − pi

At P5 = 1:
Toτ5

Tolc5

=
(26.2 ∗ 4.47)2 + 0.61

2 ∗ 25.5(1 − pi) ∗ 3.25 ∗ 2
=

41.380
1 − pi

Thus, as the fractality of the input stream of requests increases, the waiting time of
the system with priorities increases significantly compared to the M/G/1 system with
priorities. From the obtained results, we can draw the following conclusion: at small values
of the Hurst parameter (0.5 < H < 0.65) as a first approximation of the G/G/1 system with
priorities, we can use the model of the M/G/1 system. Moreover, the accuracy of the results
will fall slightly with increasing p_i. At small values of loading H < 0.5, the obtained results
will practically coincide. As the traffic fractality increases, the results obtained using the
G/G/1 model will be significantly different from the results obtained using the M/G/1
system model. Consequently, the M/G/1 system model cannot be used to estimate the
parameters of the G/G/1 system with priorities in the case of high fractality of incoming
traffic. In this case, it is more appropriate to use the proposed system model with priorities.

Based on the results of graphical dependencies f (pi) =
Toτ
Tolc

, it is established that in
the range of the Hurst parameter 0.5 < H < 0.65, it is approximately possible to calculate the
system parameters for the M/G/1 system with a Poisson flow of requirements; whereas,
with the growth of fractality of the input flow, it becomes necessary to consider the service
system with priorities in the form of G/G/1.

The resulting prediction error obtained using fractal analysis amounted to more than
7% and did not satisfy the problem conditions. Therefore, after a detailed analysis of
forecasting methods, it was decided that the forecasting of traffic volumes on the transport
network should be performed using neuro-fuzzy modeling.

The use of an adaptive combined system of neuro-fuzzy control makes it possible to
ensure the sustainability of the controlled indicator of cargo transportation, regardless of
the values of the parameters of the statistical distribution law and changes in time of the
systematic component of error.
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5. Conclusions

Due to the conditions of incomplete information and the complexity of obtaining
reliable data in the work, we carried out calculations using the “Bootstrap” method in the
“Statistica” system in a Windows environment, which allowed us to model the types of
distribution laws of the system states. The determination of the necessary parameters of
statistical distributions of arrival times was carried out in a QBAS environment using a
specially developed program. Due to the fact that the forecasting of unstable and fuzzy
processes is very unreliable and inefficient, fractal analysis was applied in the work. Fractal
analysis is a method of studying complex systems based on the study and analysis of
their fractal structure. This method allows us to describe the characteristics of the system
such as self-similarity, scalability, and fractal dimensionality. The application of fractal
analysis in this work was appropriate for the prediction of unstable and fuzzy processes.
Fractal models can help to estimate and predict the behavior of a system based on its
fractal structure.

QBAS (Query By Example Statistical Analysis System) is software that allows statistical
analysis of data. It has been used to determine the parameters of statistical distributions
of arrival times. The bootstrap method is a method that is used to evaluate the accuracy
of statistical estimates by conducting multiple resamples from the available data. This
method allows for incomplete information and calculations to be made with uncertainty.
In general, all these tools and methods have been used in this paper to analyze and model
system states, predict processes, and obtain more reliable results under conditions of
incomplete information.

For the planning of intermodal container transportation, it is necessary to formalize
the technological process of the advancement of containers in intermodal transportation,
taking into account the maximum satisfaction of the basic requirements of consignors in
the form of an optimum two-criteria mathematical model of planning intermodal container
transportation by simultaneously taking into account not only the cost of transportation
but also the factor of time.

Thus, to build an optimal plan of intermodal transportation, it is necessary to develop
a method for selecting a single solution on the Pareto set, which will allow us to take into
account the priorities of the shipper using the method of weighted stress functions.
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